Background: High arterial oxygen saturation (SaO 2 ) is associated with the development of retinopathy of prematurity (ROP), but difficult to avoid. Objective: To assess the association between severe ROP and a burden of cerebral and arterial hyperoxia. Methods: We retrospectively analyzed 225 preterm infants born ≤30 weeks' gestation. The cerebral oxygen saturation (r c SO 2 ) and SaO 2 were measured within the first 96 h after birth. We determined the burden of both cerebral and arterial hyperoxia, which was defined as the percentage of time spent at saturation thresholds exceeding 85 and 90%, respectively. Their association with severe ROP (prethreshold disease type 1) was tested using logistic regression analyses. Results: Median gestational age (GA) was 28.0 weeks (interquartile range 26.7-29.0) and mean birth weight 1,032 g (±281 SD). Eight infants developed severe ROP. Infants with severe ROP spent more time at cerebral hyperoxic levels than infants without severe ROP (medians 30 vs. 16%). Adjusted for GA, for every 10% increase in burden of cerebral hyperoxia, the OR for developing ROP was 1.50 (95% CI 1.09 -2.06, p = 0.013). A burden of arterial hyperoxia was not associated with ROP. Infants with severe ROP experienced even less arterial hyperoxia, although not statistically significant. Conclusions: Cerebral hyperoxia may be a better early predictor of severe ROP than arterial hyperoxia. Moreover, under strict oxygen management, cerebral hyperoxia in these infants may result from cerebral immaturity rather than a high SaO 2 . Whether reducing cerebral hyperoxia is feasible and might prevent ROP needs to be further examined.
Introduction
With improved survival of preterm infants, retinopathy of prematurity (ROP) has become an important cause of childhood blindness [1] . Hyperoxia plays an initiating role in the pathogenesis of ROP. While the fetal arterial oxygen saturation (SaO 2 ) is physiologically low, preterm birth suddenly exposes an incompletely vascularized retina to hy-Neonatology 2019;116:356-362 DOI: 10.1159/000501859 peroxia, leading to downregulation of angiogenesis [2, 3] . With retinal maturation, an increasingly hypoxic environment causes formation of new but fragile vessels, vitreous and retinal hemorrhage, and retinal detachment [4] .
Previous trials evaluating the effects of high (91-95%) versus low (85-89%) SaO 2 targets in preterm infants demonstrated a reduced risk of ROP at the lower target range, while the opposite was true for mortality and the risk of necrotizing enterocolitis [5] . These findings may have led toward an increased acceptance of rather high SaO 2 levels. Therefore, efforts to reduce ROP need to focus on hyperoxia at the tissue level instead, which may be a better target for intervention [6] .
Unfortunately, noninvasive retinal oximetry is unavailable for standard neonatal care [7] . Instead, the regional cerebral tissue oxygen saturation (r c SO 2 ) measured with near-infrared spectroscopy (NIRS) could provide a good estimate of the retinal oxygen saturationconsidering the close anatomic and developmental relationship between retina and brain [4, 8, 9] . The primary aim of this study was therefore to determine the association between the development of severe ROP and a burden of cerebral hyperoxia within the first days after birth. Secondarily, this study addresses the association between severe ROP and a burden of arterial hyperoxia.
Methods

Study Design and Participants
Infants born at 30 weeks' gestation or less and admitted to our neonatal intensive care unit (NICU) between January 2012 and 2017 were eligible for retrospective inclusion. Exclusion criteria were chromosomal abnormalities, lack of sufficient cerebral NIRS data, death before ROP screening, and missing screening records. The local Institutional Ethics Committee approved this study.
Cerebral NIRS and Pulse Oximetry
At our NICU, r c SO 2 is routinely and continuously measured in infants with a gestational age (GA) below 32 weeks during the first week after birth using the INVOS 5100C near-infrared spectrometer (Medtronic, Dublin, Ireland). The corresponding neonatal sensor was placed on either frontoparietal side of the head. SaO 2 was continuously measured using Nellcor pulse oximetry (Medtronic, Dublin, Ireland). The clinical SaO 2 target range was initially set at 85-92% (with alarm limits of 80-92%), but changed in December 2014 to 90-92% (alarm limits 86-93%). Both r c SO 2 and SaO 2 were recorded at 5-s intervals. Artifacts were manually removed in cases of documented sensor misplacement and sensor misplacement suggested by large nonphysiologic changes (> 20% saturation difference between 2 consecutive data points) or prolonged missing physiologic variance (same saturation value over at least 20 min, excluding an r c SO 2 of 95% as the used device is truncated at this value). Interpolation was not performed. A minimum of 12 h of measurements within the first 96 h after birth was considered sufficient for inclusion.
Burden of Hyperoxia
We calculated the burden of cerebral and arterial hyperoxia as the percentage of measured time spent above saturation thresholds of 85 and 90%, respectively, during the first 4 days after birth. The r c SO 2 threshold of 85% represents the 90th percentile of normal reference values in neonates below 30 weeks GA within 72 h after birth [10] . Values above this level have been associated with neurodevelopmental delay, which may involve mechanisms similar to those involved in ROP [11] [12] [13] . The SaO 2 threshold of 90% was chosen based on outcomes associated with saturation targets used by previously mentioned trials. However, to evaluate our choice of thresholds, we additionally calculated the cerebral and arterial hyperoxic burden for thresholds of 80 and 90% (r c SO 2 ) and 92 and 95% (SaO 2 ).
ROP Data
ROP was diagnosed by dilated eye exam according to the revised International Classification [14] . Screening was first performed 5-7 weeks after birth depending on GA and repeated every 2 weeks until complete retinal vascularization, but at least once a week in case of disease. Outcomes were collected from patient files. The most severe form of ROP was recorded. Severe ROP was defined as prethreshold disease type 1 according to the ETROP criteria for treatment-requiring ROP [15] .
Statistics
Illustrations were designed using GraphPad Prism version 8.0 for Windows (GraphPad software, La Jolla, CA, USA). Analyses were performed using the software SPSS 24.0 (IBM Corporation, Armonk, NY, USA). We used logistic regression analyses to assess the association between severe ROP and the burden of cerebral and arterial hyperoxia using a p value of 0.05. If clinical variables with potential influence on both ROP development and r c SO 2 /SaO 2 within the first 96 h after birth, such as GA, birth weight z-score/ being small-for-GA, head circumference z-score, ventilation, antenatal magnesium sulfate, histologic chorioamnionitis, sepsis, the need for red blood cell transfusions, a hemodynamically significant patent ductus arteriosus, or intraventricular hemorrhage, confounded the relationship between the burden of cerebral or arterial hyperoxia and ROP by affecting the OR to develop severe ROP by ≥10%, we entered them in our multivariate regression models.
Results
Population Characteristics
Within the study period, 326 infants with a GA of ≤30 weeks were admitted to our NICU. Of these, 225 patients were included for analysis. Figure 1 depicts a detailed inclusion flowchart. Median GA was 28.0 weeks (interquartile range [IQR] 26.7-29.0 weeks) and mean birth weight 1,032 g (281 g SD). Thirty infants developed mild and 8 infants severe ROP. Seven infants were treated with laser therapy. Clinical differences between infants with and without severe ROP are shown in Table 1 .
Burden of Cerebral Hyperoxia and ROP
Data rejection due to sensor displacement was < 1% for both infants with and without severe ROP. The median duration of NIRS measurements was 72.2 h (IQR 55.7-81.0) for infants with severe ROP and 72.2 h (IQR 55.0-81.4) for those without. Median r c SO 2 was 80% (IQR 68-89%) and 77% (IQR 73-82%), respectively. Infants with severe ROP had a higher burden of cerebral hyperoxia than infants without severe ROP (median time spent above 85% r c SO 2 : 30% (IQR 3-76%) vs. 16% (IQR 5-33%)). Figure 2a and b depict the daily cerebral oxygenation patterns. In both groups, the median time spent at cerebral hyperoxic ranges was largest on day 2 (53% in those with severe ROP and 17% in those without). Adjusted for GA, the burden of cerebral hyperoxia within the first 96 h after birth was significantly associated with the development of ROP ( Table 2 ). For every 10% more time spent above a r c SO 2 threshold of 85% during the first 4 days after birth, the risk for developing severe ROP increased with an OR of 1.50 (95% CI 1.09-2.06, p = 0.013).
To explore how the choice of our r c SO 2 threshold influenced our results, subanalyses with different thresholds were performed. Raising the threshold to 90% strengthened the associations between ROP and the burden of cerebral hyperoxia (adjusted OR per 10% burden increase: 1.81; 95% CI 1.23-2.67, p = 0.003). Lowering the threshold to 80% eliminated all statistical significance ( Table 2) .
Burden of Arterial Hyperoxia and ROP SaO 2 was continuously measured for a median duration of 92 (IQR 92-94) and 94 (IQR 91-95) hours in infants with and without severe ROP, respectively. Median daily SaO 2 values were similar between infants with and without severe ROP ( Fig. 2a ) with a total average of 91% (IQR 90-93%) versus 92% (IQR 90-95%), respectively. The median total burden of arterial hyperoxia was, however, lower in infants with severe ROP (57%, IQR 48-78%) than in infants without (72%, IQR 52-94%, Fig. 2b ) and not associated with the development of severe ROP ( Table  2 ). Raising the arterial hyperoxic threshold to 95% did not change this.
Discussion
High SaO 2 levels have been associated with the development of ROP, but cannot always be avoided in practice. Our study aimed to assess whether postnatal cerebral hyperoxia -functioning as a surrogate for retinal hyperoxia -is related to severe ROP. Our findings indeed suggest that a burden of cerebral hyperoxia within the first 96 h Data are presented as medians [interquartile range] or absolute numbers (percentages). BPD, bronchopulmonary dysplasia (defined as the need for oxygen ≥21% for ≥28 days at 36 weeks postmenstrual age or discharge); HELLP, Hemolysis, Elevated Liver enzymes (>70 iU/L) and Low Platelets (<100 × 10 6 ); hsPDA, hemodynamically significant (i.e., treatment-requiring) patent ductus arteriosus; MgSO 4 , magnesium sulfate; RBC, red blood cell; ROP, retinopathy of prematurity; PE, preeclampsia (defined as pregnancy induced hypertension with proteinuria [protein to creatinine ratio ≥0.3 g/10 mmol or 0.3 g in 24-h urine]). * and ** Difference between infants with and without severe ROP at the 5 and 10% significance level, respectively, as tested with Mann-Whitney U or t test. DOI: 10.1159/000501859 after birth increases the risk of severe ROP. Interestingly, we were unable to demonstrate such an association between severe ROP and arterial hyperoxia.
Another study primarily analyzed the association between cerebral hyperoxia and ROP and also reported an association between a cerebral hyperoxic burden within the first 96 h after birth and treatment-requiring ROP [16] . In this study, the cerebral fractional tissue oxygen extraction (FTOE) instead of r c SO 2 was used to calculate the burden of cerebral hyperoxia. Cerebral FTOE is calculated as the fraction of arterial oxygen supply that is extracted by the tissue. Reflecting the balance between oxygen supply and consumption, it is commonly used as an indicator of ischemia [17] . Cerebral rSO 2 , however, provides information about the absolute value of excess oxygen leaving the regional tissue, as it mainly reflects the venous oxygen content in brain tissue after extraction [17] . Irrespective of the relative amount of extracted oxygen, it may be a more sensitive parameter to assess cerebral hyperoxia and less prone to error than FTOE.
Within the SafeBoosC trial, the influence of a burden of cerebral hyperoxia during the first 72 h after birth on the development of severe ROP was assessed as well [18] . They did not find a difference in risk between infants at the upper quartile of burden (≥14.2% h) and infants with a lower burden of hyperoxia. However, only 2 infants with ROP were included in the upper quartile. Our data, not being reduced and categorized into quartiles, suggest that for every 10% more time an infant spends at cerebral hyperoxic ranges doubles the risk of severe ROP.
The choice of our cerebral hyperoxic threshold of 85% deviates from threshold values proposed by other studies. The SafeBoosC trial for instance uses a threshold of 85% as measured with an adult sensor, which represents 2 SDs above the mean in infants below a GA of 32 weeks [19] . As the neonatal sensor used at our institution measures 10% higher than the adult sensor [10] , in our slightly younger study population this would translate to a threshold of 90-95%. Indeed, a burden exceeding a threshold of 90% had an even stronger association with ROP. Our primary findings suggest, however, that the risk of ROP already increases at cerebral saturations exceeding a threshold as low as 85% when using a neonatal sensor. Nonetheless, when interpreting our data, different sensors or devices may implicate different r c SO 2 thresholds [20] .
We did not find an association between a burden of arterial hyperoxia and severe ROP, which supports the findings of Vesoulis et al. [16] . This is seemingly in contrast to the results of the SUPPORT and BOOST trials, which found that SaO 2 targets above 90% increase the risk for severe ROP compared to targets below 90% [21, 22] . Although the COT trial was unable to find a difference in risk between SaO 2 targets below or above 90% [23] , metaanalysis of the shared database of all 3 trials revealed a significantly increased risk of ROP in infants with higher SaO 2 targets [24] . Of note, at birth the infants of these trials were slightly younger and smaller than our study population, making them more susceptible to hyperoxia. Furthermore, the actually measured median SaO 2 values were higher than target saturations defined in advance (89% in the BOOST, 92% in the COT, and 93% in the SUPPORT trial) with substantial overlap between both target groups, while the initial SaO 2 target range at our institution was set between 85 and 92% (later 90-92%), which overlaps with both target ranges of the oxygen trials and avoids extremely low and high SaO 2 values. This strict oxygen policy, adopting narrow target ranges as recommended after abovementioned oxygen trials, may explain the lack of association with ROP for any of the examined thresholds.
Another explanation for a lack of association between ROP and arterial hyperoxia may be found in the study duration. Although the immediate postnatal period is likely to play a significant role in the pathophysiology of ROP due to an abrupt change in oxygenation after preterm birth, hyperoxia may play a role up to 32-34 weeks GA [25] . However, during the first days after birth, cerebral and not arterial hyperoxia was associated with severe ROP. Moreover, while infants with severe ROP were observed to spent more time at cerebral hyperoxic levels, the time spent at arterial hyperoxic levels was actually less (although statistically insignificant). This discrepancy between cerebral and arterial oxygenation can possibly but not exclusively also be attributed to a greater cerebral immaturity with lower cerebral metabolism and hence lower oxygen consumption and extraction in infants with severe ROP, who were younger and smaller than those without severe ROP [10, 26] . In turn, this may cause an earlier and stronger relationship between severe ROP and the venous cerebral oxygen saturation rather than the arterial oxygen saturation and may explain why reduction of the cerebral hyperoxic burden proves difficult despite strict oxygen management [27, 28] .
We recognize some limitations of our study. First, the retrospective nature of data collection may have introduced bias, although limited since a lack of NIRS data was only given by a potential shortage of equipment and not dictated by patient characteristics. Second, our sample size -particularly with regard to the small number of infants developing severe ROP -may have caused us to overinterpret or miss significant associations. Third, due to the nature of our study, which required survival of infants for at least 5 weeks after birth in order to participate, we were not able to investigate mortality in relation to r c SO 2 . Our descriptive patient characteristics, however, suggest that there may be a trade-off between ROP and intraventricular hemorrhage, the latter of which has been related to cerebral hypoxia. Final, we were not able to report the fraction of inspired oxygen (FiO 2 ). FiO 2 may be an important parameter as it influences SaO 2 and thereby r c SO 2 . However, since we report SaO 2 , we regard FiO 2 less important to report.
In summary, our data support a strong relationship between ROP and prolonged periods of cerebral hyperoxia within the first days after birth. Moreover, r c SO 2 may be more sensitive to early detect infants at risk for severe ROP than SaO 2 . Further trials are recommended to determine the association between cerebral hyperoxic burden and cerebral metabolism, the practicality of reducing cerebral hyperoxia within the first days after birth, and its effect on the development of severe ROP, neurological outcome, and mortality.
